Nerve injury can lead to axonal regeneration, axonal degeneration, and/or neuronal cell death. Remarkably, the MAP3K dual leucine zipper kinase, DLK, promotes each of these responses, suggesting that DLK is a sensor of axon injury. In Drosophila, mutations in proteins that stabilize the actin and microtubule cytoskeletons activate the DLK pathway, suggesting that DLK may be activated by cytoskeletal disruption. Here we test this model in mammalian sensory neurons. We find that pharmacological agents designed to disrupt either the actin or microtubule cytoskeleton activate the DLK pathway, and that activation is independent of calcium influx or induction of the axon degeneration program. Moreover, activation of the DLK pathway by targeting the cytoskeleton induces a pro-regenerative state, enhancing axon regeneration in response to a subsequent injury in a process akin to preconditioning. This highlights the potential utility of activating the DLK pathway as a method to improve axon regeneration. Moreover, DLK is required for these responses to cytoskeletal perturbations, suggesting that DLK functions as a key neuronal sensor of cytoskeletal damage.
Introduction
Axons are particularly vulnerable to injury and disease, and axon damage is a hallmark of many neurological disorders. Axon regeneration, axon degeneration, and neuronal cell death are three potential responses to axon injury. The MAP3K dual leucine zipper kinase, DLK, promotes all three of these responses, suggesting that DLK is a sensor of axon injury. Here we explore the activation mechanism for the DLK pathway.
DLK is a MAP3K in the mixed lineage kinase family that can activate the JNK and p38 families of stress MAP kinases (Hirai et al., 1996) . In recent years, a series of studies has highlighted the essential role of DLK in promoting axonal regeneration after injury. DLK is required for axonal regeneration in worms, flies, and mice (Hammarlund et al., 2009; Shin et al., 2012; Xiong et al., 2010; Yan et al., 2009 ). In mice, DLK promotes the retrograde transport of injury signals that are necessary for activating a pro-regenerative program in sensory neurons and retinal ganglion cells (Shin et al., 2012; Watkins et al., 2013) . Indeed, DLK is required for the preconditioning response in which a prior axon injury promotes more robust axonal regeneration in response to a subsequent injury (Shin et al., 2012) . In mammals, DLK promotes axonal regeneration at least in part via activation of JNK and the subsequent phosphorylation and activation of the transcription factor cJun (Itoh et al., 2009; Shin et al., 2012; Watkins et al., 2013) . Indeed, both JNK and Jun are also required for robust regeneration of PNS axons following injury (Rishal and Fainzilber, 2014) . DLK is the upstream kinase in the DLK/JNK/cJun regeneration pathway, and is postulated to be the sensor of axon injury. Hence, it is important to determine what aspect of axon injury induces DLK pathway activation. To date, four methods for activating DLK have been described. First, in Caenorhabditis elegans, an elegant Ca 2+ -dependent mechanism activates the DLK ortholog DLK-1 (Yan and Jin, 2012). Second, in C. elegans phosphatases act as negative regulators of DLK pathway activation (Baker et al., 2014; Tulgren et al., 2011) . Third, DLK is activated by an increase in its protein levels via transgenic overexpression (Collins et al., 2006; Hammarlund et al., 2009; Yan et al., 2009) , loss of the PHR ubiquitin ligase (Babetto et al., 2013; Collins et al., 2006; Nakata et al., 2005) , or through a positive-feedback loop preventing its degradation (Huntwork-Rodriguez et al., 2013) . Finally, we demonstrated in Drosophila that mutations in proteins that are required for a stable actin and microtubule cytoskeleton also activate DLK (Valakh et al., 2013) . These findings lead us to hypothesize that cytoskeletal disruption activates the DLK pathway.
In this report we test the hypothesis that cytoskeletal disruption activates the DLK pathway by pharmacologically targeting the actin and microtubule networks in mammalian sensory neurons. Previously, we demonstrated that traumatic axonal injury leads to a DLKdependent signal from the axon to the nucleus that triggers the phosphorylation of Jun and the induction of a pro-regenerative state in the Neurobiology of Disease 77 (2015) 13-25
